We report new geological, 40 Ar/ 39 Ar geochronology, and geochemical data (major and trace elements, and Sr, Nd, and Pb isotopic ratios) on andesitic to dacitic rocks collected from Volcán Zamorano and on rhyolitic ignimbrites from the surrounding area. These data better constrain the relationship of two major volcanic provinces of Mexico: the mid-Tertiary Sierra Madre Occidental (SMO) and the Miocene to Recent Mexican Volcanic Belt (MVB). Structurally, the SMO and MVB show different extensional styles. The SMO was affected by east-west extension mainly during the Oligocene and middle Miocene, whereas the MVB was affected by extensional deformation during middle-to-late Miocene and Plio-Quaternary times, although reactivation of the older structural systems, such as the NNW-SSE system, has occurred in more recent times. The new geological data from the study area are consistent with the 40 Ar/ 39 Ar dates. The andesitic and dacitic rocks from Volcán Zamorano are about 10 Ma. These rocks, along with nearby andesitic and basaltic volcanoes, mark a relatively early phase of the MVB. The basaltic to dacitic rocks show the following ranges for Sr, Nd, and Pb isotopic ratios: ( .70. For SMO ignimbrites (~30-28 Ma) cropping out in the Zamorano area, ( 87 Sr/ 86 Sr) i are slightly higher (0.70407-0.70557), and ( 143 Nd/ 144 Nd) i are somewhat lower (0.51250-0.51253). Pb-isotope ratios for these ignimbrites are also higher (about 18.84-18.87, 15.65, and 38.78-38.82, respectively) than for basaltic to dacitic rocks from Volcán Zamorano and the surrounding area. Most studied rocks from both provinces seem to contain a crustal component. The ignimbrites are chemically and isotopically similar to rhyolitic and ignimbritic rocks sampled from other areas of the SMO. Our study of Volcán Zamorano shows that the transition from SMO to MVB was rather sudden and not a gradual process.
Introduction
THERE ARE TWO major Cenozoic volcanic provinces in Mexico (Fig. 1) : the Sierra Madre Occidental (SMO) province of mostly rhyolites and rhyolitic ignimbrites erupted from Eocene (~51 Ma) to middle Miocene (~20 Ma) time (McDowell and Keizer, 1977; Nieto-Samaniego et al., 1999) , and the younger Mexican Volcanic Belt (MVB) province of lava flows of dominantly basic and intermediate compositions (Aguilar-Y-Vargas y Verma, 1987) . The questions of when eruptions in the MVB started, what the physical and temporal boundaries between the SMO and the MVB provinces are, and how the structural styles of these provinces differ, remain as yet unsatisfactorily answered.
Volcán Zamorano is located in the area where the mid-Tertiary SMO and Neogene MVB magmatic provinces overlap, and therefore is a key piece to understanding the spatial and temporal relationships between these two provinces (Fig. 1) . This volcano, located in the north-central part of the MVB, lies at the intersection of major physiographic provinces (Mesa Central, SMOr-Sierra Madre Oriental, and MVB). It is one of the most distal volcanoes from the Middle America Trench, about 470 km, and one of the few MVB volcanoes that directly lie on SMO rocks. Volcán Zamorano belongs to a poorly described volcanic field comprised of numerous andesitic volcanic centers dominated by intermediate-sized stratovolcanoes of middle to late Miocene age, such as Volcán La Joya (Valdéz-Moreno et al., 1999) , Palo Huérfano (Pérez-Venzor et al., 1997) , and San Pedro, as well as some scattered but widely spread basaltic and basaltic andesitic lavas (Ferrari et al., 2000) .
This paper provides new interpretations on the geological evolution of Volcán Zamorano and voluminous ignimbrites that surround it. Previous work in this area is limited to a general description of the geology of the volcano by Carrasco-Núñez et al. (1989) . These authors proposed that ignimbrites surrounding Volcán Zamorano are associated with the volcano itself. However, in this paper we describe stratigraphic relationships along with new 40 Ar/ 39 Ar dates and geochemical data that demonstrate that the ignimbrite activity is not related to Volcán Zamorano. Instead, we suggest that this ignimbritic volcanism is related to the SMO province.
Regional Geology
Regional basement in the Volcán Zamorano area includes Mesozoic rocks comprising both a volcanic-sedimentary sequence (Sierra de Guanajuato) and the SMOr marine sedimentary sequence (Fig.  2) . The volcanic-sedimentary sequence includes flysch-like sediments interbedded with low-grade metamorphosed and deformed pillow lavas interpreted as an island-arc assemblage (Centeno-García Sites 487 and 488 are also marked for reference (crossed circles identified 487 and 488; for more details see Verma, 1999 Verma, , 2000a . Calderas: A = Amealco; H = Huichapan; Am = Amazcala; Ac = Acoculco; Hu = Los Humeros. Volcanic centers: Za = Volcán Zamorano (this study); LJ = La Joya (location 100°30.0'W, 20°47.3'N); PH = Palo Huérfano (100°45.0'W, 20°47.3'N); SP = San Pedro (100°40.0'W, 20°40.0'N), CG = Cerro Grande (97°50.0'W, 19°40.0'N); AA = type locality for Alseseca andesite (97°13.0'W, 19°48.0'N). Two active volcanoes of the MVB are also shown for reference: P = Popocatépetl; C = Colima. Note the dashed line in the MVB field divides the area of the older SMO and MVB rocks (north of the dashed line lie mostly the Oligocene to mid-Miocene rocks; see light grey shaded area) from generally Plio-Quaternary rocks of the MVB (south of the dashed line). et al., 1993) . The SMOr in this area consists of highly folded and faulted, mainly Cretaceous limestones deformed during the Laramide compressional orogeny that formed conspicuous ridges extending in a NW-SE direction and crossed by NE-SW probably transcurrent fault systems. Additionally, Paleocene granitic rocks and Paleocene-Eocene continental sedimentary rocks consisting of polymictic conglomerate and sandstone are present in the Sierra de Guanajuato and nearby San Luis Potosí area (SLP in Fig. 1) .
The SMO is formally subdivided into lower and upper volcanic supergroups where the lower one is a volcano-plutonic complex with ages ranging from more than 100 Ma to the Eocene, and the upper supergroup comprising thick sequences (ranging from 200 to 2000 m, 1000 m on average) of mainly silicic ignimbrite with ages from 45 to 27 Ma (McDowell and Clabaugh, 1979) or up to about 23 Ma (McDowell and Keizer, 1977) .
In the area covered by Figure 2 , the SMO rocks can be separated informally into three different groups, in terms of age (Eocene and Oligocene) and dominant lithology (rhyolite, ignimbrite, and andesite). The Eocene volcanic group, particularly abundant to the western part of Figure 2 , includes rhyolitic ignimbrites, rhyolitic domes, and andesitic lava flows. The Oligocene volcanic group can be subdivided into two separate groups, according to the dominant lithology: rhyolite domes and ignimbrites with minor andesitic lava flows. The two Oligocene groups (Fig. 2) together represent by far the most voluminous Tertiary volcanism, with ages in the San Luis Potosí and Guanajuato areas ranging from 30.8 to 25.2 Ma (Nieto-Samaniego et al., 1999) . Relatively high abundance of 29-30 Ma FIG. 2. Regional geology of the north-central part of the MVB, simplified after Nieto-Samaniego et al. (1999) . See Figure 1 for abbreviations of volcanic centers (LJ, PH, SP, and Za), calderas (Am, A, and H), and areas (SJ). Locations of the samples (Table 6 ) dated by K/Ar and 40 Ar/ 39 Ar methods are also shown, using symbols according to the method and the actual age value obtained (whether SMO or MVB type). The box around Za (Volcán Zamorano) shows the area of Figure 3 . rocks coincides with the volcanic peak observed in the frequency histogram for the whole SMO .
Rocks associated with the MVB in the study area are represented by three main groups (Miocene, Pliocene, and Quaternary). The Miocene group is mainly formed by 13-7 Ma basaltic andesite plateau lavas, which extend about 350 km from the Guadalajara to Querétaro areas ( Fig. 1 ). According to Ferrari et al. (2000) , these lavas, erupted during early extensional tectonics, may represent the base of the MVB. However, this conflicts with the interpretation of Ferrari et al. (1999) , who previously proposed that the MVB began forming about 16-15 Ma. Andesites and dacites erupted from Volcán Zamorano, other andesitic volcanoes around the Huichapan caldera, and rocks associated with the Amazcala caldera and the Meseta Río San Juan are all part of this unit (see Fig. 2 ). Pliocene volcanism in the study area is mainly represented by rocks derived from Amealco and Huichapan calderas. Finally, Quaternary volcanic rocks, probably part of the Basin and Range province and apparently unrelated to the MVB, appear as isolated volcanic centers at the northern part of Figure 2 . Quaternary volcanoes of the MVB, located below 20°30' N. Lat., are mainly of basic and intermediate compositions (Velasco-Tapia and Verma, 2001) .
The late Miocene Meseta Río San Juan Plateau (Verma, 2001a) , late Miocene-Pliocene Amazcala caldera (Aguirre-Díaz and López- , and Pliocene Amealco and Huichapan calderas (Verma et al., 1991; Aguirre-Díaz et al., 1997; Verma, 2001b) are located southward and southeastward of Volcán Zamorano (Fig. 1 ). In addition, the Quaternary, largely monogenetic, volcanoes of the MVB are most abundant trenchward in the Sierra de Chichinautzin (SCN) area (Velasco-Tapia and Verma, 2001) . The SCN comprises over 220 Quaternary monogenetic volcanic centers and has a general E-W orientation (Márquez et al., 1999) . A general southward migration of volcanism in this part of the MVB seems to have taken place from Miocene to Quaternary times, which has been explained as resulting from asymmetric extension in this part of the MVB (Márquez et al., 2001) .
Lavas of mostly andesitic to dacitic composition dominate this volcanic field, although bimodal basic and acidic volcanic rocks comprise the Meseta Río San Juan, southeast of Volcán Zamorano (Fig. 2) . The volcanic structures, along with other nearly contemporaneous volcanism located eastward (e.g., AA and CG in Fig. 1 ), are roughly aligned in the E-W direction (e.g., PH and LJ in Fig. 1 ).
Analytical Methods
Samples analyzed in this study (for sample locations see Fig. 3 ) were collected as large (200 to 300 mm diameter) blocks. Fresh interior parts of these blocks were crushed in a hardened iron container (made of practically pure iron) to obtain representative powders (finely ground to < 200 mesh) for chemical and isotopic analysis. It should be pointed out that the pure iron container used for crushing may contaminate the powders with Fe only, and not with any other petrogenetically important trace element. For Pb isotope analyses, small representative chips were used instead of fine powder.
Isotopic dating by 40 Ar/ 39 Ar was performed in the Geochronology Laboratory at the Centro de Investigación Científica y Educación Superior de Ensenada (CICESE) using an MS-10 mass spectrometer. For 40 Ar/ 39 Ar work, whole-rock and matrix were analyzed for samples ZA07 and ZA08; these were ground to between 355 and 710 µm, washed thoroughly with de-ionized water, and checked with a stereomicroscope in order to eliminate phenocrysts and fragments of alteration. Sanidine concentrates were obtained from samples ZA01, ZA05, and ZA06; these were ground to 180 and 710 µm. For these concentrates a combination of heavy liquids and magnetic separation standard techniques were used and a final inspection under the stereomicroscope was performed to insure their purity. The samples were irradiated in the nuclear reactor of McMaster University in Hamilton, Canada at a power of 2 MW per hour. The whole-rock and matrix samples were irradiated in capsules CIC-6 and CIC-8 for 5 hours, whereas the sanidine concentrates in capsule CIC-15 were irradiated for 10 hours. Each capsule contained two packages of samples, which were labeled top and bottom. Each package included three aliquots of irradiation monitor CATAV 7-4 of 88.9 Ma. The argon extraction line consisted of a tantalum furnace connected in-line with the mass spectrometer. The irradiation monitors were analyzed in one-step experiments at 1500°C
. Blanks were run routinely before each sample. Aliquots of atmospheric composition were analyzed at the end of the day to correct for discrimination effects of the mass spectrometer. The argon isotopes were corrected for radioactive decay of 37 Ar and 39 Ar. Corrections for interference reactions of isotopes of Ca and K were applied using the factors reported by Bottomley and York (1976) for the McMaster reactor. The Cl interference correction to 36 Ar suggested by Roddick (1983) was also applied. The constants recommended by Steiger and Jäger (1977) were used in all calculations. For samples ZA07 and ZA08, a preliminary experiment was run on approximately 200 mg aliquots. The best results for these samples were obtained in the second experiment when a larger sample size was used (about 400 mg of each sample). The sanidine concentrates were irradiated on the same package; duplicate experiments were conducted on sample ZA06 whereas only one experiment was conducted on samples ZA01 and ZA05. One of the irradiation monitors of this package was unfortunately lost during argon extraction; thus, the J factor for sanidines was obtained with two aliquots of CATAV 7-4. Figure 6 were taken. For sample coordinates, see Table 3 . Isochron ages were calculated by least squares fitting of a straight line with correlated errors (York, 1969) of the 36 Ar/ 40 Ar versus 39 Ar/ 40 Ar correlation diagram.
Major-and trace-element contents were analyzed by X-ray fluorescence spectrometry (XRF) at the Universität Mainz, Germany, following procedures reported by Verma et al. (1992) . Other analytical work was carried out at Max-Planck-Institut für Chemie, Mainz, Germany, which included the determination of rare-earth elements (REE) by high-performance liquid chromatography (HPLC) (Verma, 1991) and radiogenic isotopes on two fully automated triple-(for Nd and Pb) and double-and multicollector (for Sr) MAT 261 mass spectrometers (Verma, 1992) . The analytical errors reported in these papers are generally less than 2%, 10%, and 15% respectively for major, trace, and REE determinations. For radiogenic isotopes these errors are directly quoted for individual measurements.
Results

New radiometric dates
Five new dates using the 40 Ar/ 39 Ar method are reported in Table 1 . These dates constrain the different volcanic events that occurred prior to or during the evolution of the Volcán Zamorano. 40 Ar/ 39 Ar analyses of samples ZA07 and ZA08 are on whole rocks ( Fig. 4 ), whereas analyses for samples ZA01, ZA05, and ZA06 are on sanidine separates ( Fig. 5 ). For sample ZA07 the 40 Ar/ 39 Ar results obtained for practically all temperature steps are in agreement within 1V errors. Furthermore, the data define an isochron age of 10.5 ± 0.3 Ma on the 36 Ar/ 40 Ar versus 39 Ar/ 40 Ar correlation diagram. This result is statistically indistinguishable from the integrated ages. Thus, the 10.5 ± 0.3 Ma is taken as the best age estimate for sample ZA07. For sample ZA08 the bulk of the argon was released below 800°C. The second experiment conducted on this sample yielded 84% of the 39 Ar released on two temperature steps between 700 and 900°C. The resulting dates are in agreement within their 1V errors. The age 9.4 ± 0.2 Ma was obtained from the weighted mean of these steps. The isochron age of 9.6 ± 0.2 Ma calculated for all but one of the temperature steps obtained in the two experiments is our best age estimate for sample ZA08.
Samples ZA01, ZA05, and ZA06 all belong to the ignimbrite unit (SMO-Ig). The 40 Ar/ 39 Ar ages for these samples range from 28.1 ± 0.3 (ZA01) to 29.9 ± 0.3 Ma (ZA05). They correlate well with stratigraphic position because sample ZA05, the oldest, belongs to the lower part of the ignimbrite sequence, whereas samples ZA01 and ZA06 are from the upper part. For sample ZA01 a plateau age of 28.0 ± 0.3 Ma is indistinguishable from the isochron age of 28.1 ± 0.3 Ma. Duplicate experiments performed on sample ZA06 yielded plateau ages of 29.4 ± 0.3 Ma and 29.2 ± 0.3 Ma. Data for all but the first temperature step obtained on sample ZA06 were combined on the 36 Ar/ 40 Ar versus 39 Ar/ 40 Ar correlation diagram, which yielded an isochron age of 29.3 ± 0.6 Ma. For sample ZA05, a slightly older age was obtained; 98% of the 39 Ar was released in three temperature steps that define a plateau age of 30.0 ± 0.3 Ma, which is statistically indistinguishable from the isochron age of 29.9 ± 0.3 Ma.
Geochemical data
Photographs from the Volcán Zamorano study area are presented in Figure 6 . Petrographic data are summarized in Table 2 . Major-and trace-element data, including REE, are given in Table 3 . Measured and initial Sr and Nd isotope ratios are presented in Table 4 ; Pb isotopic data are reported in Table 5 .
Sierra Madre Occidental Ignimbrite
The ignimbrite rocks (SMO-Ig in Fig. 3 ) are composed of a thick, stratified sequence (~150 m thick on average) of indurated ignimbrites showing incipient welding in some areas. The base of the sequence is formed by thin stratified layers of lapilli-sized, well-sorted, air-fall pumice. Unlike the ignimbrites from the lower part of the sequence which are massive (ZA05), those from the upper part are stratified in layers 10 to 15 m thick and usually show characteristic columnar jointing ( Fig. 6C ). Both the lower (ZA05) and upper members (ZA01, ZA03, and ZA06) contain crystals of quartz, sanidine, oligoclase, biotite, and opaque minerals (mainly magnetite), in addition to rhyolitic and andesitic lithics within a glassy matrix showing a typical flowage texture (Table 2) . A minimum volume of 75 km 3 is exposed in the mapped area of approximately 500 km 2 . However, 40 Ar/ 39 Ar ages for samples ZA01, ZA05, and ZA06, ranging between 29.9 ± 0.3 to 28.1 ± 0.3 Ma (Table 1) , suggest that these ignimbrites may correlate with other, nearby ignimbrites. Therefore, these samples represent some of the southernmost and easternmost outcrops associated with SMO volcanism. Ar/ 40 Ar correlation diagram (recommended age for each sample is in italics), t = individual dates for each temperature step-run; n is the number of points fitted; † = age calculated with the combined temperature steps of two experiments; ‡ = temperature step ignored in the isochron calculation; § = no radiogenic argon was detected for these temperature steps.
Geology of Volcán Zamorano
Volcán Zamorano is a highly dissected cone with a truncated crater at the summit. A large ENE fracture through the crater cuts the cone in two parts. Similar features are present at nearby and contemporaneous La Joya (Valdéz-Moreno et al., 1999) and Palo Huérfano (Pérez-Venzor et al., 1997) volcanoes and have been attributed to high erosion rates. The evolution of Volcán Zamorano was first interpreted by Carrasco-Núñez et al. (1989) to involve the emplacement of voluminous rhyolitic ignimbrites, which surround the volcanic edifice ( Fig. 3 ). Based mainly on photogeologic interpretations, these authors suggested that some ignimbrites overlie andesitic lava flows of the main Zamorano edifice. However, our detailed field observations revealed drastically different stratigraphic relationships. For example, in some outcrops the ignimbrite rocks appear isolated and surrounded by Zamorano lava flows ( Fig. 6A ). We interpret those outcrops to represent high-relief remnants of previous, highly irregular paleotopography. Thus, the lavas either flowed around the higher topographic barriers made up of ignimbrites, or were eroded away from the top of hills where a much thinner lava flow might have been emplaced. However, we also observe that in some areas the ignimbrites are directly below the andesitic lava flows (Fig. 6B ).
Based on new geological studies ( Fig. 3) , ignimbrites belonging to the SMO (about 29 Ma) were emplaced in the area surrounding Volcán Zamorano. Then for Volcán Zamorano, four main stages of volcanic activity are recognized: (1) a central mainly effusive cone built starting ~10.5 Ma with viscous lavas of dacitic composition (Unit D); (2) an increased effusion rate produced lavas of andesitic composition dated at 9.6 Ma (Unit C); both units were later affected by intense erosion, leaving only the older inner parts of the volcano as remnants; (3) subsequent volcanism was emplaced through different outer vents or fissures forming both domes (Unit B); and (4) small plateau structures (about 8 Ma; Unit A). Such dominantly basaltic andesite volcanism is characteristic of the Querétaro area, forming a widespread unit that has been reported as far away as the Guadalajara area ( Fig. 1) . A somewhat younger (about 6.5 Ma), bimodal basaltic and rhyolitic volcanism constitutes the Meseta Río San Juan area, southeast of Volcán Zamorano (Fig. 2) . A brief description of each unit is presented below (for more details on petrography see Table 2 ). Unit D. A dacitic, subrounded central volcanic structure with vertical jointing is located within the central crater of Volcán Zamorano. These lavas have a porphyritic, holocrystalline texture containing crystals of plagioclase (oligoclase-andesine), clinopyroxene, orthopyroxene, magnetite, and, in rare cases, biotite (sample ZA07', Table 2 ). Although the contact between these rocks and the andesitic lavas of unit C is covered by talus deposits, we infer that the dacitic lavas underlie the andesitic lavas based on their relative structural position and 40 Ar/ 39 Ar dating. One sample from this rock unit (ZA07) was dated at 10.5 ± 0.3 Ma by the whole-rock 40 Ar/ 39 Ar method and therefore may represent the oldest rocks of Volcán Zamorano.
Unit C. Volcán Zamorano is composed of a thick succession of lavas and pyroclastic deposits forming layers about 5 to 10 m thick. The lower part of this unit comprises dark grey, massive, partially jointed, mostly aphanitic andesite lava flows, containing clinopyroxene and orthopyroxene microphenocrysts and plagioclase microlites in a seriate texture (sample ZA02), sometimes with small olivine crystals . Lavas from the upper part are similar, but contain orthopyroxene crystals (with no clinopyroxene) and show a porphyritic texture that, in cases, is glomeroporphyritic with clusters of plagioclase (samples ZA08 and ZA09). Layers of pyroclastic material include andesitic lithics and scoria. A conservative estimate of the volume (32 km 3 ) erupted to form the Zamorano edifice was reported by Carrasco-Núñez et al. (1989) . However, we now estimate a volume of 56 km 3 using an altitude of 1500 m and a radius of 6 km for the base of the volcano, which includes units C and D. One sample (ZA08) was dated at 9.6 ± 0.2 Ma by the whole rock 40 Ar/ 39 Ar method. Rocks of this unit directly overlie rhyolitic ignimbrites of the SMO (Fig. 6B ) dated at 29.9 ± 0.3 to 28.1 ± 0.3 Ma (Table  1) . However, in some instances, this relationship is Table 2 or the text of the paper. Rock type is according to total alkalis versus silica diagram, and CIPW norms are on an anhydrous 100% adjusted basis and using Fe Nd) CHUR = 0.512638. Furthermore, the errors reported for individual Sr and Nd isotope ratios are two times the standard error of the mean (2V E ) multiplied by 10 6 . For average isotope ratios the errors are one standard deviation of the mean values, also multiplied by 10 6 . In-situ growth corrections were carried out using the actually measured Rb/Sr and Sm/Nd ratios (Table 3 ) and ages for individual samples (Table   1) . Some age data were to be assumed on the basis of rock units (see values shown in parentheses). The data for samples VA01 and HP13 (Huichapan area) are from Verma (2001b) .
not clear because ignimbrites appear as isolated high-relief exposures surrounded by andesitic lavas of unit C (Fig. 6A) . Unit B. This unit is represented by three small domes located about 14 km south of the Zamorano crater ( Fig. 3) . They are light grey porphyritic dacites containing plagioclase, amphibole, orthopyroxene, and magnetite phenocrysts within a matrix of microlitic and skeletal plagioclase (sample ZA10, Table 2 ) and sometimes with devitrified glass. We estimate a volume of about 0.5 km 3 . These rocks are inferred to be overlying the SMO ignimbrite, but no direct contact is observed.
Unit A. Volcán Zamorano is surrounded by numerous small plateaus ranging from 1 to 5 km long and about 30 to 80 m thick. These plateaus are composed of massive, grey and dark grey aphanitic basaltic andesite lavas that directly overlie the ignimbritic deposits. The lavas contain abundant plagioclase, clinopyroxene, orthopyroxene, small oxidized crystals of hornblende, and magnetite phenocrysts surrounded by a hyalopilitic matrix. In the absence of vents associated with these lava flows and judging by the almost flat-topped morphology, we propose that they were emplaced through fissures. The volume estimated for these rocks within the mapped area is about 4.5 km 3 , somewhat less than the 7 km 3 proposed by Carrasco-Núñez et al. (1989) .
The plateau lavas have strong compositional similarities to those representing regional plateau basaltic or andesitic lava flows, dated at about 6.5 Ma for the Meseta Río San Juan (Grupo San Juan), 7.7 Ma for the Pathé area, ~8.1 Ma in the vicinity of Querétaro city, ~7.5 Ma from Volcán La Joya, 6.5 Ma from Volcán La Cruz, and ~9 Ma from Volcán Apartadero (Table 6 ; also Suter et al., 1992; Verma, 2001a Verma, , 2001b .
Structural setting
There are at least three main structural systems affecting the rocks in the immediate surroundings of Volcán Zamorano (Fig. 3): (1) a NW-SE fracture system affecting almost exclusively the Oligocene ignimbrites; (2) a N-S fracture system that preferentially affects rocks of Volcán Zamorano (unit C); and (3) a NE-SW fracture system that cuts rocks of Volcán Zamorano (units C and D).
The NW-SE system is consistent with similar orientations (Fig. 2) of Oligocene rhyolitic domes and faults displacing Oligocene-lower Miocene ignimbrites in Guanajuato, west of Volcán Zamorano , 1982) . This fracture system is dominant in the San Luis Potosí area within the Mesa Central physiographic province but its extension farther northwest is apparently limited by the nearly N-S fracture system. To the east, it extends to the Volcán Zamorano area but its continuation to the south is indistinct (Carrasco-Núñez, 1989 ). This fracture system ends just at the boundary with the SMOr province, characterized by long NW-SE basin and ridges formed due to Laramide deformation during the Paleocene. The N-S fracture system is parallel to the major structural patterns (N-S and NNW-SSE) that may be considered as the southern extension of the Basin and Range province (Pasquare et al., 1987) as well as the NW-SE fracturing system . The N-S system includes the San Miguel de Allende-Taxco fault system. Although this system is old and affects Oligocene and upper Miocene rocks (Nieto-Samaniego et al., 1999) , it seems to have been reactivated in modern time (Pasquare et al., 1987) . The NE-SW fracture system that affects the Volcán Zamorano area extends southward into the Michoacán-Guanajuato area, where it partially overlaps with the major, active, E-W-trending structural system, which is still active (Suter et al., 2001) .
Geochemistry of Volcán Zamorano
Major-element data for rocks from Volcán Zamorano are compared ( Fig. 7) with rocks of acidic and intermediate composition from Amealco and Huichapan calderas, as well as selected samples of ignimbritic and rhyolitic rocks from the SMO. This selection is based mainly on the availability of complete data sets for these samples. Compositions of the rocks from Zamorano and the surrounding area range from andesitic to rhyolitic and are Hyand Qnormative. Basalt HP13 is Oland Hy-normative. The ignimbrites belonging to the SMO also have normative corundum (C). Similar rocks (LOI-free 100% adjusted SiO 2 t 70%) from the Amealco and Huichapan calderas are also C-normative, which has been interpreted as a magmatic feature related to assimilation of argillaceous sediments (Verma, 2001b) . FIG. 7 . A total alkali-silica (TAS) diagram for volcanic rocks from the Volcán Zamorano area. Anhydrous and 100% adjusted data, with Fe 2 O 3 /FeO according to rock type using a computer program by Verma et al. (2002) , are plotted on this diagram. Abbreviations: B = basalt; BA = basaltic andesite; A = andesite; D = dacite; R = rhyolite. Other abbreviations correspond to the following rock groups (for SMO-Ig and Units A to D see Table 2 ): Zam = Zamorano area; SMO = Sierra Madre Occidental; AC = Amealco caldera; HC = Huichapan caldera; Ig = ignimbrite. Besides the present study, the data are from several sources (Cameron and Cameron, 1985; Verma et al., 1991; Albrecht and Goldstein, 2000; Verma, 2001b) .
FIG. 8. Chondrite-normalized REE plots for samples from Volcán Zamorano and their comparison with similar rocks from nearby areas of the MVB and with available selected data from the SMO. Data sources besides this study are: Cameron and Cameron (1985) ; Verma et al. (1991) ; Albrecht and Goldstein (2000) ; Verma (2001b) ; and references cited therein. Average chondrite values (ppm or µg/g) used for normalization are from Nakamura (1974) , complemented by Haskin et al. (1968) : La = 0.329, Ce = 0.865, Pr = 0.112, Nd = 0.63, Sm = 0.203, Eu = 0.077, Gd = 0.276, Tb = 0.047, Dy = 0.343, Ho = 0.07, Er = .0.225, Tm = 0.03, Yb = 0.22, and Lu = 0.0339. The SiO 2 contents (adjusted wt%) of the studied samples as well as the sample names from the original papers are also shown for reference. A. Basaltic to dacitic rocks from Volcán Zamorano and Huichapan area. B. Andesitic and dacitic rocks from Amealco and Huichapan calderas. C. Ignimbrites belonging to the SMO province that outcrop in the Zamorano area. D. Rhyolitic rocks from silicic domes of the Amealco caldera. E. Ignimbrite and rhyolitic rocks from the Huichapan caldera area. F. Ignimbrite and rhyolitic rocks from the Sierra Madre Occidental province from several localities. High-silica rhyolite HP30, probably of an Oligocene age (~28 Ma) and interpreted as largely crustal melts, from the nearby Huichapan caldera area (Verma, 2001b) is also included here. Table 3 also presents trace-element data, including REE, for samples from the study area. On chondrite-normalized REE plots (Fig. 8) , all andesitic and dacitic rocks from Volcán Zamorano as well as basic rocks (HP13 and VA01) from the Huichapan area show rather simple light-REE enriched patterns (Fig. 8A) . For Volcán Zamorano, the (La/Yb) N (chondrite-normalized ratio) of andesitic and dacitic rocks varies between 8.0 and 13.8. Some of these rocks (e.g., ZA07, ZA09) show lower REE concentrations than the basic rocks (HP13, VA01). No negative Eu anomaly is present ([Eu/Eu*] N = 1.00-1.08), which contrasts with REE patterns for chemically similar rocks ([Eu/Eu*] N = 0.65-0.85) erupted from Amealco and Huichapan calderas (Fig. 8B) . The SMO rhyolitic ignimbrites sampled in the study area also show similar light REE enrichment, except for sample ZA01, which has very low REE contents. A negative Eu anomaly is also evident ([Eu/Eu*] N = 0.18-0.50) for these SMO rhyolitic ignimbrites, including sample ZA01 (Fig. 8C) . The size of the negative Eu anomaly is similar to that for the rhyolites and ignimbrites (Figs. 8D and 8E) from Amealco and Huichapan calderas ([Eu/Eu*] N = 0.13-0.61) and selected rocks (Fig. 8F ) from the northern SMO (states of Durango and Chihuahua, Mexico; [Eu/Eu*] N = 0.08-0.76) reported by Cameron and Cameron (1985) and Albrecht and Goldstein (2000) . The large negative Eu anomalies of the rhyolites and ignimbrites suggest a process involving plagioclase-dominated fractional crystallization. However, plagioclase control appears to be absent, or at least of minor importance, for the andesitic and dacitic magmas from Volcán Zamorano, assuming similar oxygen-fugacities. High Sr contents of these magmas (Table 3) are also consistent with a lack of plagioclase control.
The basaltic to dacitic rocks from Volcán Zamorano and the surrounding area (Tables 4 and 5) have the following ranges: ( 87 Sr/ 86 Sr) i 0.70362-0.70474; ( 143 Nd/ 144 Nd) i 0.51258-0.51286; 206 Pb/ 204 Pb 18. . For the SMO ignimbrites cropping out in the Zamorano area, ( 87 Sr/ 86 Sr) i are slightly higher (0.70407-0.70557) and ( 143 Nd/ 144 Nd) i somewhat lower (0.51250-0.51253). The Pb-isotope ratios for the SMO ignimbrites are also higher (about 18.84-18.87, 15.65, and 38.78-38.82 , respectively) than for Volcán Zamorano basaltic to dacitic rocks. The isotopic data are generally similar to data for rocks from other localities in the MVB and SMO provinces .
The isotopic data are plotted against wt% SiO 2 in Figure 9 (A-E) and are compared with available data from nearby areas of the MVB (Amealco and Huichapan calderas) and the SMO (Verma, 1984 (Verma, , 2001b Cameron and Cameron, 1985; Verma et al., 1991; Albrecht and Goldstein, 2000) . Although the data are scattered on Figure 9 , there is a general tendency of increasing Sr and Pb isotopes and decreasing Nd isotopic ratios with increasing SiO 2 , which is consistent with a crustal component in most of these magmas. The ratio of two high-fieldstrength elements Zr and Nb plotted against SiO 2 (Fig. 9F) shows a similar behavior as 143 Nd/ 144 Nd (Fig. 9B) . Figures 10 and 11 illustrate initial Sr and Nd isotopic ratios as well as Pb isotope data for rocks from Volcán Zamorano and the surrounding area. It should be noted that the initial Sr and Nd isotopic compositions for basaltic to dacitic rocks are similar to the measured ratios (Table 4 ). However, the initial Sr isotopic ratios for rhyolites and ignimbrites from the SMO (Zamorano area as well as the literature data) are very sensitive to age as well as their Rb and Sr concentrations. Thus, for at least three of the four ignimbrite samples studied here with low Sr contents (about 13-15 ppm; Table 3 ), the initial 87 Sr/ 86 Sr ratios probably have much larger errors than the average error bar shown in Figure 9 . The implications are that, at present, without more precise Sr concentration data than by XRF, the 87 Sr/ 86 Sr ratio should not be used as a sole criterion to estimate the crustal component in these acidic rocks. In these cases, Nd and Pb isotopic ratios are probably better indicators for the amount of crustal contamination. Concerning the relationship of isotopic data for andesitic and dacitic rocks from Volcán Zamorano with more mafic rocks from the surrounding area (Figs. 1-3, 10, and 11 ), most rocks from Volcán Zamorano, except andesite ZA10, have generally higher Sr and Pb isotopic ratios and lower Nd isotopic ratios than basalt HP13 and basaltic andesite VA01 (Tables 4 and 5 ).
Discussion
Relationship between the SMO and MVB
Compositional differences. The SMO is dominated by rhyodacitic to rhyolitic ignimbrites forming sequences as thick as 1000 m or more. Lesser volumes of rhyolitic lavas and volcaniclastic sediments also occur within the sequence. Basaltic andesite lavas are found above or intercalated with the youngest ignimbrites, but their thickness is typically less than 200 m, and the units are at most one or two million years younger than the rhyolitic rocks immediately beneath them. FIG. 9 . Variation of Sr-Nd-Pb isotope ratios and Zr/Nb with SiO 2 contents (adjusted wt%) of volcanic rocks from Volcán Zamorano and nearby areas of the MVB (Amealco and Huichapan calderas) as well as the available data from the SMO (for references, see legend for Figure 8 ; also additional data for the SMO are from Verma, 1984 Figure 9A ; rock abbreviations (corresponding to the rock groups) are the same as in Figure 7 . Average error bars represented by one standard deviation values of the mean are included in the bottom of each plot. Note that the total error on initial 87 Sr/ 86 Sr ratios, particularly for some rhyolites and ignimbrites, may be considerably higher (see text for explanation).
It is clear that the SMO rocks are mostly of rhyolitic composition (e.g., Cameron et al., 1980 Cameron et al., , 1987 Nieto et al., 1985; Albrecht and Goldstein, 2000) , whereas MVB magmas are dominated by basaltic and andesitic compositions (e.g., Aguilar-Y-Vargas and Verma, 1987) . Furthermore, SMO volcanism is characterized by ignimbrite-forming eruptions in contrast with the volcanism of the MVB that at its initiation erupted mainly lava flows. Therefore, differences between the SMO and MVB are not only in the dominant composition, but also in the eruptive style. There are also significant differences in Sr and Nd isotopic ratios between the SMO and MVB provinces : SMO rocks show larger variations in 87 Sr/ 86 Sr (0.7033-0.7139) and 143 Nd/ 144 Nd (0.5119-0.5129) than MVB rocks (0.7030-0.7084 and 0.5125-0.5131, respectively).
These differences probably imply that the SMO rocks may represent larger contributions from the crust than MVB rocks, provided a chemically and isotopically similar crust were involved in both cases.
Spatial constraints. The SMO province, known as the largest ignimbrite accumulation worldwide, extends continuously for more than 1200 km (N-S) from the USA-Mexico border to the MVB, covering an area in excess of 300,000 km 2 . It is likely that SMO volcanic rocks might underlie most of the MVB (Fig. 1) . This is supported by the distribution of geochronologic data compiled by Ferrari et al. (1999) . If so, the SMO rocks could represent upper crustal contaminants for the MVB magmas, particularly for differentiated acid and intermediate MVB rocks. FIG. 10. 87 Sr/ 86 Sr-143 Nd/ 144 Nd plot for volcanic rocks from Volcán Zamorano and nearby areas of the MVB as well as the available data for selected ignimbrites and rhyolites from the SMO (for references see legend for Fig. 8 ). Initial insitu growth-corrected values are used ( Table 4 ). Trace of the "mantle-array" (small dashed lines) is shown for reference. The size of the symbols used is generally similar to or smaller than the average error-bars (represented by one standard deviation values; see legend of Figure 9 ). The circles with stars marked bas, slx, scb, and sjb are average compositions of, respectively, host alkali basalts, spinel lherzolite xenoliths (both from the San Luis Potosí area), basaltic rocks from the Sierra de Chichinautzin, and basaltic rocks from the Meseta Río San Juan (Verma, 2001a) . Basalt HP13 from the Huichapan area (Verma, 2001b) is also included. Possible crustal components are represented by crossed squares: upper crust (UC) represents average intrusive Mesozoic to Paleozoic granitic and granodioritic rocks from the Los Humeros area (Verma, 2000b) ; lower crust (LC) is the average of granulitic xenoliths from the San Luis Potosí area; Cretaceous limestone composition (Verma, 2001b) is also shown by a filled circle marked L. Also included in this diagram is the mixing line (thick solid curve) between altered oceanic crust (MORB) and sediments from the subducting Cocos plate (sampled at sites 487 and 488 in Figure 1 ; note that the altered oceanic crust from the subducting Cocos plate is shifted significantly from fresh MORB; Verma, 2000a) ; the numbers (2 to 20%) on this curve indicate the percentage of the sediment component in this mixture.
The older dates (33-22 Ma; Table 6 ) representing the SMO volcanism are distributed in almost all of the area of Figure 2 , whereas the younger dates (16-5 Ma) of the MVB volcanic rocks are generally limited to an area south of about 21°20'N and mainly below 21°N. This middle-to-late Miocene volcanism appears to be oriented approximately E-W, almost identical to the orientation of the Plio-Quaternary volcanism of the MVB (Fig. 1) .
Age relationships. The most characteristic section of the SMO comprises the upper supergroup . The Eocene, Oligocene, and lower Miocene volcanic rocks present in the surroundings of the Volcán Zamorano must be regarded as part of the SMO.
There seems to be little doubt that SMO volcanism ended, at least in central Mexico, at about 22 Ma (Table 6 ). However, the inception of the MVB is still under debate. It has been proposed that the MVB started in late Oligocene (Gunn and Mooser, 1971; Mooser, 1972) , Miocene (Cantagrel and Robin, 1979; Venegas-S. et al., 1985; Verma, 1987; García-Palomo et al., 2002) , early Pliocene (Nixon et al., 1987) , Pliocene (Robin, 1982) , or Quaternary (Demant, 1978 (Demant, , 1981 . Based on a comprehensive compilation of radiometric dates, Ferrari et al. (1999) proposed that MVB volcanism started about 16 Ma. Since then, the volcanism is apparently continuous to the present with no significant gaps and shows approximately the same E-W configuration, Figure 11A . As in Figure 10 , UC represents the upper crustal composition estimates based on Mesozoic to Paleozoic intrusive rocks from the Los Humeros area (Verma, 2000b) . The small star marked L represents the isotopic composition of cretaceous limestone sampled from the Huichapan area (Verma, 2001b) . The dotted arrow in all diagrams shows a possible mixing trend between basalt HP13 sampled from the Huichapan area (star marked HP13) and this upper crust. Similarly, the dashed arrow shows a mixing trend between basalt HP13 and the limestone (L); note that L falls outside the plot area. Note also that most Zamorano data fall away from these mixing trends. Lower crust (LC) represented by the average of granulitic xenoliths from San Luis Potosí could not plotted here because no Pb isotopic data are available for these samples. and therefore could be regarded as a single entity (MVB province).
According to the available K-Ar and 40 Ar/ 39 Ar dates compiled in Table 6 for Volcán Zamorano and the surrounding area, a volcanic gap seems to exist between approximately 22 and 16 Ma in this area of the MVB and SMO. This inference is consistent with the eruption ages of magmas compiled by for these two volcanic provinces (MVB and SMO). However, in the vicinity of Volcán Zamorano, this volcanic gap is much larger, from 29 to 10.5 Ma.
A careful analysis of these dates and their uncertainties (Table 6) shows that rather contemporaneous volcanic events occurred about 29-30 Ma. This major volcanic peak of voluminous ignimbrite-forming eruptions is also present in the immediate surroundings of Volcán Zamorano. Ages between 26.6 ± 0.7 Ma and 22.0 ± 1.0 Ma, corresponding mostly to ignimbrite and rhyolite, are related to the final volcanic phase of the SMO. The 23 Ma ignimbrite represents a voluminous volcanic pulse in the SMO type section, erupting more than 1000 m thick ignimbrites (McDowell and Keizer, 1977) . In the vicinity of Volcán Zamorano, however, it seems to be a relatively minor event.
Between the SMO final stage (22 Ma) and the construction of Volcán Zamorano (~10.5 Ma), there are reports of scarce dacitic, andesitic, and basaltic lavas mainly restricted to the Sierra de Guanajuato area. These lavas have been regarded as transitional volcanism between the SMO and the MVB (Cerca Martínez et al., 2000) . However, these authors recognized that some dates, particularly 14.3 Ma, should be taken with caution due to possible alteration problems. Furthermore, there is a rather large uncertainty (± 1.7 Ma) associated with the older date of 16.1 Ma. Cerca Martínez et al. (2000) also suggested that the 13.5 Ma date for the ignimbrite may be in error, because this ignimbrite corresponds to a rock unit belonging to the SMO and was dated at 22.2 Ma by 40 Ar/ 39 Ar. Thus, in the area surrounding Volcán Zamorano, volcanism was rather scarce at about 13-14 Ma, but was followed by a more intense activity from about 11 to 9.5 Ma, representing the construction of relatively large stratovolcanoes such as Palo Huérfano (Pérez-Venzor et al., 1997) , Volcán La Joya (Valdés-Moreno et al., 1999) , Volcán San Pedro, and Volcán Zamorano (this study). Wholerock K/Ar ages of around 13 Ma, however, have been reported recently for basaltic andesite and andesite lavas from the Apan region, southeast of Volcán Zamorano (García-Palomo et al., 2002) .
This central part of the MVB contains abundant middle-to-upper Miocene andesitic volcanic rocks erupted from various stratovolcanoes. These rocks are partially covered by scattered upper Miocene (10-6 Ma) basaltic andesite lavas around the Querétaro area and north of Huichapan caldera. In addition, younger andesitic and silicic volcanic rocks associated with the 7.5-5.2 Ma Amazcala, 4.7 Ma Amealco, and ~3.5 Ma Huichapan calderas (Aguirre-Díaz and López- Verma et al., 1991; Aguirre-Díaz et al., 1997; Verma, 2001b; also Table 6 ) also occur in this area. Still younger volcanism occurs farther south in the Tizayuca volcanic field and Sierra de Chichinautzin areas (TVF and SCN, respectively in Fig. 1 ; Velasco-Tapia and Verma, 2001; Verma, 2003) . Finally, there are numerous active volcanoes in the MVB, such as Popocatépetl and Volcán Colima.
Structural features of the SMO and MVB
Volcán Zamorano is located in the confluence of three major physiographic provinces: Mesa Central, SMOr, and MVB (Fig. 1) . In the Mesa Central, rhyolitic domes and ignimbrites between 33 and 27 Ma represent the most abundant phase of volcanism from the SMO that partially cover the Mesozoic sedimentary sequences of the SMOr. The latter forms conspicuous compressive NW-SE-trending structures. Major E-W-trending extensional episodes apparently occurred just after voluminous ignimbrite-forming eruptions peaking at about 30 and 23 Ma Nieto-Samaniego et al., 1999; Aranda-Gómez et al., 2000) , producing regularly spaced grabens in the Mesa Central province. These major N-S fault systems serve as important boundaries between SMO, Mesa Central, and SMOr. The N-S and NW-SE structural trends are attributed to the southern extension of the Basin and Range province (Pasquare et al., 1987; , where the volcanic front of the SMO as well as the intense normal faulting apparently migrated from NE to SW, and the voluminous silicic volcanism was replaced by intraplate-alkaline volcanism and extension of lesser magnitude .
During the middle-to-late Miocene, ENE extensional faulting, attributed to the formation of the proto-Gulf of California, prevailed in the central MVB, affecting rocks of Volcán Palo Huérfano . This ENE-oriented structural system is subparallel to the NE-SW fractures that influenced Volcán Zamorano. Finally, NNW-SSE extension is similar to the Pleistocene extensional deformation affecting the MVB that is still active (Suter et al., 1992) , and clearly contrasts to the E-W extension affecting mostly the SMO province.
In summary, contrasting structural and tectonic styles typify the SMO and MVB provinces. The SMO was affected by E-W extension mainly during the Oligocene and middle Miocene, whereas the MVB was affected by extensional deformation during the middle-to-late Miocene and Plio-Quaternary, although reactivation of the older structural systems, such as the NNW-SSE system, occurred in more recent times.
Broader implications
In the study area, both the Oligocene rhyolite ignimbrites from the SMO and the upper Miocene andesitic-dacitic lavas from the MVB are representative sequences of major pulses of volcanism from each volcanic province. According to Cerca Martínez et al. (2000), a relatively small and isolated volume of andesitic and rhyolitic domes, with minor ignimbrites, erupted between about 22 and 14.6 Ma (Fig. 2) . These authors suggested that this activity represents a transitional volcanic event between the SMO and the MVB. This interval approximately coincides with changes in the subduction of the Farallon-Pacific-North American plates, which implies a combination of different parameters that may involve variations in the rate of subduction, rate of spreading in the Farallon-Pacific boundary, and angle of subduction (from moderate to shallow) that inhibited volcanism.
However, no radiometric dates have been published between about 22 and 16 Ma (Table 6 ; Fig. 2) , which suggests at least a drastic reduction of volcanism during this period. The magmatism seems to have resumed at about 13-14 Ma. The MVB could be considered as a volcanic province whose age ranges from about 14 Ma to the presently active volcanoes, although activity has not been uniform during this period.
Middle-to-late Miocene volcanic activity in central Mexico shows two main types of eruptive styles that occurred approximately during the same time. Both are aligned approximately in an E-W direction. One is represented by widespread eruption of plateau-forming basaltic to basaltic andesite lavas ranging in age from ~14 or 13 Ma judging from both even cessation of arc-related volcanism (Kay et al., 1987; Haschke et al., 2002) .
An alternative view is that magmatic activity is extension-related, as shown for 9-0 Ma magmas from the MVB (Sheth et al., 2000; Verma, 2001a Verma, , 2001c Verma, , 2002 . In this regard, the available geochemical and isotopic data from these volcanic centers can be interpreted to indicate mixing of mantle-derived magma with a crustal component, or simply partial melting of mafic lower crust to generate the andesitic and dacitic rocks, although it is likely that rocks with suitable crustal end-member compositions have not yet been sampled from the MVB. The presence of melts at the crust-mantle boundary, as postulated from gravity data (Campos-Enríquez and Sánchez-Zamora, 2000) , apparently supports this mixing model.
In summary, both types of volcanism (the 14-13 to 7 Ma plateau basaltic and basaltic andesitic lavas, and evolved andesitic and dacitic rocks mainly between 11 and 9 Ma) in central Mexico are considered to represent the initial stage of the MVB proper, after a minor locally distributed transitional stage (22-14 Ma). Finally, detailed geochemical and isotopic studies from all areas of this overlapping zone of the two Mexican provinces (SMO and MVB), particularly the transitional stage (22-14 Ma), are required before a better-constrained regional petrogenetic model can be advanced.
We consider the late Miocene Volcán Zamorano as a part of the MVB proper, because this volcano, along with other contemporaneous startovolcanoes, forms an alignment that is subparallel to the most recent and abundant E-W-trending Plio-Quaternary volcanism. Furthermore, the generally andesitic-dacitic compositions of these upper Miocene MVB volcanic rocks contrast with the dominantly rhyolitic compositions of mid-Tertiary SMO volcanic rocks. Also, the E-W-trending extension affecting the SMO contrasts with the approximately N-S extension affecting the MVB. The main importance of Volcán Zamorano is that it records in the same place the contrasting as well as characteristic features (spatial, compositional, geochronological, and structural) of both the SMO and MVB, thus allowing a clear distinction between these two important magmatic provinces in Mexico. This study suggests that the transition between the SMO and MVB was rather sudden, and certainly not gradual.
Conclusions
Volcanic rocks were erupted from Volcán Zamorano at about 10 Ma. They show chemical and isotopic characteristics that are generally similar to younger rocks of similar composition from the nearby Amealco and Huichapan calderas. The ignimbrites cropping out in this area are considerably older (about 30-28 Ma), and seem to represent the southernmost extent of the SMO. They are geochemically and isotopically similar to those from other areas of the SMO. The implications of the geochemical and isotopic data presented in this study are that: (1) most magmas contain a significant crustal component, although those from the SMO, because of their larger range in Sr and Nd isotopic ratios, may have a larger proportion of this crust; (2) the Miocene rocks from the study area probably mark the initial intense volcanic phase in this part of the MVB. Therefore, rocks from Volcán Zamorano do not represent a transitional stage of volcanism between the SMO and the MVB, and instead represent the initial stages of the MVB. The E-W-trending, late Miocene, andesitic-to-dacitic belt formed by several large volcanoes (Palo Huérfano, La Joya, Zamorano, and Cerro Grande) is similar to the Plio-Quaternary belt in orientation of volcanism, composition, and regional state of stress.
